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Abstract 
The behaviour of the activity of tissue transglutaminase, a calcium-dependent enzyme, and the levels of polyamines, 
which are physiological substrates for the enzyme, were studied in rat small intestine induced to grow by lectin 
phytohaemagglutinin. Transglutaminase activity greatly increased in the homogenates and the cytosolic fractions of the 
intestinal mucosa of lectin-treated rats compared to that of untreated animals. The measurement of enzyme activity in the 
presence of monodansylcadaverine, a competitive inhibitor of transglutaminase, t stified that the assayed enzyme activity 
was authentic transglutaminase. As regards polyamines, the level of spermine did not change, whereas putrescine and 
spermidine contents were enhanced. The activation of transglutaminase, which was probably due to Ca 2+ accumulation i
enterocytes, could have a role in maintaining enterocyte adhesion and intestinal cell homeostasis, and/or repairing 
lectin-induced damages of microvilli of the gut epithelium. 
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1. Introduction 
Transglutaminases (EC 2.3.2.13, TGases) are a 
family of Ca2+-dependent enzymes that are widely 
distributed in tissues, cells, and body fluids [1]. Dif- 
ferent forms of TGases, encoded by distinct genes, 
are present in extracellular nd intracellular compart- 
ments [1,2]. Extracellular TGases have specialised 
functions in a number of biological events, including 
* Corresponding author. Fax: + 39 2 26681092. 
fibrin stabilisation and vaginal plug formation by 
clotting of seminal plasma in rodents [1,2]. There are 
at least three types of intracellular TGases [3]. Hair 
follicle and epidermal TGases are the best charac- 
terised, and tissue TGase, which is the most abun- 
dant, is mainly localised in the cytosol of a large 
variety of tissues [1]. Although its physiological role 
remains unclear, the enzyme cross-links proteins by 
forming E-(~/-glutamyl)lysine bonds, and its activa- 
tion results in irreversible changes of cellular 
molecules by producing insoluble proteins, which 
leads to formation of apoptotic bodies [4]. The cross- 
links of matrix proteins via TGases have been shown 
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to promote cellular adhesion [5], and the induction of 
the enzyme activity has been correlated with in- 
creased adhesiveness [611. As regards intracellular 
function, cellular and cytoskeletal proteins, such as 
actin [7], [3-crystalline [8] and spectrin [9], are physio- 
logic substrates for the enzyme. 
At physiological concentrations, polyamines 
(putrescine, spermidine and spermine) are natural 
substrates for TGase and are readily conjugated to 
proteins by TGase to fi~rm ('¢-glutamyl)polyamine 
linkages [10,11]. The condensation of a polyamine 
with a specific glutamine residue may influence the 
structure and activity of proteins. Moreover, the con- 
jugated polyamines, which contain a terminal amino 
group, may provide a substrate for a second conjuga- 
tion reaction [12], thereby forming an N,N-bis(-,/- 
glutamyl)polyamine cross bridge between proteins. 
Protein-polyamine conjugates have been identified in 
a variety of cells and tissues, such as lymphocytes 
[13], liver, testis, and kidney [14]. 
To gain some insight into the biological role of 
intestinal TGase, the present study was designed to 
examine the behaviour of tissue TGase activity and 
polyamine levels of small intestine of rats fed on a 
phytohaemoagglutinin (PHA)-containing diet, which 
causes intestinal hyperplasia [ 15,16]. In particular, the 
lectin induces elongation of Lieberkiihn's crypts 
[15,17] and enhancement of DNA, RNA, protein 
content and synthesis in rat small intestine [15,18,19]. 
2. Materials and methods 
2.1. Chemicals 
[1,4-14C]Putrescine dihydrochloride (109 mCi/  
mmol) was purchased from Amersham International 
(Amersham, UK), N,N'-dimethylcasein from Fluka 
Chemie (Buchs, Switzerland); putrescine, spermidine 
and spermine, as hydrochloride salts, o- 
phthaldialdehyde, monedansylcadaverine (MDCD) 
and didansylcadaverine (DDCD) from Sigma (St. 
Louis, MO, USA); n-octane sulfonate from Acros, 
NY, USA. All other compounds were analytical-grade 
products. PHA was prepared as previously described 
[201. 
2.2. Animals 
30-day-old Hooded-Lister ats (82_ 2 g) were 
used. The animals were pair fed (6 g daily for 5 days) 
on an iso-caloric and iso-protein diet containing 10% 
lactalbumin as the sole protein source (control group) 
or a diet in which half the lactalbumin was replaced 
by kidney bean proteins, 14% of which was PHA 
(PHA-fed group) [17]. The animals were killed by an 
overdose of halothane and exsanguination. After 
death, the small intestine was immediately removed, 
washed with ice-cold saline, and cut into segments. 
The mucosa of three pieces (7-27, 47-57, and 67-77 
cm from the pylorus) was scraped on ice from the 
underlying smooth muscle, immediately frozen in 
liquid nitrogen, stored at -80°C, and used for the 
determinations of TGase activity and polyamine con- 
tents. 
2.3. Assay of transglutaminase activity 
Samples of intestinal mucosa were homogenized 
(25% w/v) in ice-cold 0.25 M sucrose containing 1
mM EDTA and 1 mM dithiothreitol using an Ultra- 
Turrax apparatus and then sonicated for 15 sec. En- 
zyme activity was measured in whole homogenate 
and in the subcellular f actions according to Folk and 
Cole [21] with [1,4-14C]putrescine (1 txCi) as sub- 
strate and dimethylcasein (75 mg/ml) as protein 
acceptor, as previously described [22]. Since the reac- 
tion is Ca2+-dependent, the proofs containing 5 mM 
CaC12 were assayed in parallel with the blanks with- 
out calcium. The activity of the blanks was subtracted 
from that obtained in the presence of calcium to yield 
TGase activity of samples. In some experiments, 
MDCD or DDCD at 100 and 200 p,M (final concen- 
trations) was added to the incubation medium. 
Protein content was measured with the method of 
Lowry et al. [23] with bovine serum albumin as 
standard. 
2.4. Polyamine determination 
Putrescine, spermidine, and spermine contents of 
the intestinal mucosa were extracted with perchloric 
acid, separated by HPLC, and quantified fluorometri- 
cally according to the method of Li3ser et al. [24], as 
previously reported [17]. 
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3. Results 
3.1. Tissue TGase activity in the mucosa of small 
intestine from rats fed on a PHA diet 
Tissue TGase activity in the mucosa of the small 
intestine from controls and PHA-fed rats is reported 
in Table 1. The distribution of enzyme activity was 
similar in the three examined tracts of small intestine. 
In treated rats, the maximum increase in enzyme 
activity was observed in the first tract and was 4-6 
times the control values. Minor increases (2-3 times) 
occurred in the medial and distal intestinal tracts. No 
changes were observed in particulate fractions. 
In order to assure that the increase in enzyme 
activity observed in PHA-treated rats was actually 
due to TGase, incubations were carried out in the 
absence and in the presence of MDCD, a well-known 
competitive inhibitor of the enzyme [25]. Table 2 
shows that MDCD over the concentration range 100- 
200 txM caused a dose-dependent i hibition of cy- 
tosolic TGase activity of the mucosa of the first 
intestinal tract, where the activity was the highest 
(see Table 1). DDCD (a compound structurally simi- 
lar to MDCD but without an inhibitory effect on 
TGase [26]) at the same concentrations a  MDCD did 
not affect enzyme activity. 
3.2. Polyamine levels in the mucosa of small intestine 
from rats fed on a PHA diet 
Table 3 shows the behaviour of polyamine levels 
in the mucosa of three examined tracts of rat small 
intestine. Spermidine content was significantly ele- 
Table 2 
Effect of monodansylcadaverine and didansylcadaverine on in- 
testinal transglutaminase activity from PHA-treated rats 
Compounds Concentration (~xM) Inhibition (%) 
Monodansylcadaverine 100 49_+ 4 a,b 
200 82_+ 9 b 
Didansylcadaverine 100 7 + 1 
200 8 _+ 1 
Cytosolic fractions of the mucosa from the first tract of small 
intestine of PHA-treated rats were incubated in the absence or in 
the presence of tested compounds as described in Section 2. The 
inhibition of transglutaminase activity was expressed as percent- 
age of the enzyme activity in the absence of the tested com- 
pounds. 
a Mean + S.E. of 3 experiments. 
b p < 0.01 (Student's t-test). 
vated in all intestinal tracts of PHA-fed rats, and 
putrescine content increased in proximal and distal 
tracts. Spermine content was unchanged. 
4. Discussion 
Mammalian tissues respond to growth-promoting 
stimuli, with increased biosynthesis and accumulation 
of polyamines. These endogenous polycations are 
ubiquitous in biological systems and have specific 
functions in enterocyte physiology and regulation of 
intestinal mucosal growth [27-29]. In intestinal ep- 
ithelial cells, the increase in polyamines is due to 
their biosynthesis via ornithine decarboxylase [27] 
and/or their accumulation from the lumen [30] or 
systemic irculation [18]. Recently, it has been sug- 
gested that polyamines, either endogenously synthe- 
Table 1 
Transglutaminase activity in the mucosa of the small intestine from PHA-fed rats 
TGase activity (nmol /h  per mg protein) at n cm from pylorus 
7-27 47-57 67-77 
Control PHA Control PHA Control PHA 
Homogenate 2.03 _+ 0.28 a 8.83 ___ 0.98 b 1.99 + 0.35 4.98 _+ 0.58 c 1.78 _+ 0.05 5.20 _ 0.28 
Cytosol 1.38 _+ 0.36 8.26 _+ 1.40 b 2.05 _+ 0.38 4.17 _+ 0.48 c 2.25 _+ 0.57 3.73 _+ 0.65 
Particulate 4.58 _+ 1.45 6.47 _ 1.61 3.52 __ 0.08 5.12 _+ 1.02 7.40 + 2.20 6.84 _+ 1.88 
Rats were fed on a control or PHA-containing diet for 5 days, as described in Section 2. 
a Means + S.E. of 9 animals for each group. 
b p < 0.01 (Student's t-test). 
c p < 0.05 (Student's t-test). 
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Table 3 
Polyamine content inthe mucosa of the small intestine from PHA-fed rats 
Polyamine content (nmol/g wet wt.) at n cm from pylorus 
7-27 47-57 67-77 
Control PHA Control PHA Control PHA 
Putrescine 125 + 28 a 211 ± 48 b 160 + 20 242 + 51 73 +_ 16 197 + 17 c 
Spermidine 966 + 154 1302 ___ 130 b 840 + 122 1516 + 268 b 699_ 111 1376 + 109 c 
Spermine 537 + 105 570 _ 53 460 + 86 590 + 86 278 + 59 452 + 62 
Rats were fed on a control or ]?HA-containing diet for 5 days, as described inSection 2. 
a Means + S.E. of 9 animals for each group. 
b p < 0.05 (Student's t-test). 
c p < 0.01 (Student's t-test). 
sised or supplied from the lumen, modulate TGase 
activity in gastrointestinal mucosa of the rat [31]. We 
were particularly interested in the relationship be- 
tween intestinal TGase activity and polyamines, which 
are natural substrates for the enzyme [13]. 
Our experiments demonstrate for the first time that 
tissue TGase activity increases everal times during 
PHA-induced hyperplastic growth of small intestinal 
mucosa of rats. The Ca 2 +-dependence of the reaction 
and the dose-dependent i hibition of enzyme activity 
by MDCD testifies that the increase in enzyme activ- 
ity measured by us is authentic TGase activity. It is 
probable that PHA, which is known to induce a 
cascade of events (increased cyclic GMP and 
metabolism of phosphatidyl inositol) leading to Ca 2 + 
accumulation [32], activates TGase, whose activity is 
Ca2+-dependent [1]. "['he observed increase in 
polyamines, which in our model derived mainly from 
the circulation via the basolateral membrane [15,18], 
may contribute to PHA-induced stimulation of TGase. 
In fact, putrescine, which under our conditions was 
increased, has recently been found to cause a sus- 
tained increase in Ca 2÷ in cultured gastrointestinal 
epithelial cells [33]. 
The precise function of the increased tissue TGase 
activity in PHA-induced intestinal proliferation is 
difficult o evaluate. Although tissue TGase is mainly 
an intracellular enzyme [1], it may also be expressed 
at the cell surface [34,35] and initiate some extracel- 
lular functions, such as the formation of covalent 
cross-links of extracellular matrix proteins [5,34,35]. 
The matrix consists of various proteins, including 
collagens, fibronectin, laminin and osteopontin, which 
have been identified as :specific substrates for tissue 
TGase [36-39]. The cowtlently cross-linking reaction 
has been thought to stabilize interactions between 
cells and extracellular matrix [34,40], which play 
important roles in adherence and cell-to-cell contact 
[5,41] to maintain cell association. A similar situation 
may also occur in PHA-induced intestinal prolifera- 
tion. The formation of stable links between cells and 
extracellular matrix could also signify that the en- 
hanced tissue TGase activity is important for the 
repair of PHA-related amage of intestinal microvilli. 
These structures have been reported to show vesicula- 
tion, blebbing, and shortening after luminal exposure 
to several lectins [42,43]. In this regard, an increased 
tissue TGase activity may be involved in the mecha- 
nism of healing of damaged gastric mucosa [26,44]. 
The activation of TGase could also contribute to 
regulate intestinal polyamine levels after PHA. In 
fact, in the intestinal tracts, where TGase activity was 
less stimulated, the increases in free polyamines lev- 
els were the greatest, and vice versa. 
Finally, it is noteworthy that intestinal epithelium 
is replaced every two to three days and its cell 
number is modulated by apoptosis [45], which is 
strictly associated to the interaction between matrix 
and cell [46], the presence of apoptotic bodies and 
TGase activation [4]. It cannot be ruled out that the 
enhancement of the enzyme activity in hyperplastic 
rat small intestine is related to an increase in apopto- 
sis in order to maintain a balance between cell prolif- 
eration and cell loss. 
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